The presented paper shows a new concept of multi-slot coaxial antenna working at different frequencies to predict the best solution for interstitial microwave hyperthermia treatment. The described method concerns a microwave heating of unhealthy cells using a thin microwave antenna located in the human tissue. Therefore, the coupled wave equation in a sinusoidal steady-state and the transient bioheat equation under an axial symmetrical model are considered. The 4-ColeCole approximation has been used to compute the complex relative permittivity of the human tissues at different antenna operating frequencies. At the stage of numerical simulation the finite element method (FEM) is used. Special attention has been paid to estimate the optimal antenna parameters for thermal therapy for three microwave frequencies mainly used in medical practice and make comparison of the obtained results in the case of single-, double-and triple-slot antennas.
INTRODUCTION
Hyperthermia, besides radiotherapy and chemotherapy, plays an important role in modern oncology [1] . The phenomenon of this treatment is based on thermal sensitivity changes of living cells. In the specific therapeutic range of temperatures from 40
• C to 45
• C normal cells remain intact while the pathological ones are destroyed by the growing influence of necrosis and apoptosis [2] . When the temperature of 45
• C will be exceeded it may cause irreversible changes within normal and malignant tissues, including denaturation of proteins and tissue coagulation. This phenomenon is exploited by so-called thermoablation [3] . Therefore, a very important problem in hyperthermia treatment is to predict and precisely control the temperature in the target area to minimize the possibility of overheating and damaging healthy tissues. A lot of papers have examined different types of interstitial applicators for microwave heating purpose including the floating sleeve dipole, triaxial, choke, and cap-choke antennas [4] . Antennas fed with coaxial cable are very popular in thermal therapy because of their simple construction, small dimensions and low costs of production [5] . Until now, the coaxial-slot antennas have been described in many scientific and medical papers, but most of them have included only one [6, 7, 24] or two air gaps [8, 9] . It should be noted that the first publication, where the microwave heating using a new triple-slot coaxial antenna has been proposed, was published in 2014 [10] . What is important, the interstitial microwave hyperthermia treatment delivers energy directly to the place of interest using a coaxialslot antenna invasively inserted into the tissue. This technique can be successfully applicable to a deep-seated tumor. Depending on the amount of delivered power and the antenna working frequency, microwaves heat up the tissue and induce thermal lesions in the distance up to 6 cm from the needle applicator [11] . Moreover, type of tumor, its location and severity, as well as the level of therapeutic temperature affect on the duration of single hyperthermia session, which can be maintained average for 40-60 min. Also it has been proved that temperatures above 42
• C can increase the sensitivity of cancerous cells treatment comparing to radio-and chemotherapy [12] .
There are currently three ISM (industrial, scientific and medical) bands dedicated for microwave heating of tissues used by medical devices, namely 433.05-434.79 MHz utilized in Europe, 902-928 MHz applicable in the USA and 2400-2500 MHz available worldwide [13] . What is important, they are periodically verified by the International Telecommunication Union (ITU) based in Geneva. Therefore, frequencies of 434 MHz (wavelength 69 cm), 915 MHz (wavelength 33 cm) and 2450 MHz (wavelength 12 cm) are the most widely used in medical practice of hyperthermia treatment [7] . For this reason, the above mentioned frequencies have been examined in this paper. It should be emphasized that at the moment also the highfrequency systems for microwave heating purposes using frequencies up to 18 GHz have been successfully tested [4] . Higher frequencies can lead to design new interstitial devices with smaller dimensions and less invasiveness. Parallel with microwave hyperthermia techniques the utilization of magnetic nanoparticles for cancer treatment has been extensively examined [3, 14, 23] .
This paper is dedicated to the multi-frequency analysis of single-, double-and triple-slot coaxial antennas, used in the interstitial microwave hyperthermia treatment. The content of the following article is the continuation of the study published earlier [10] . Special attention has been paid to estimate of the main elevations of antenna input Fig. 1 . Model of the multi-slot coaxial antenna including the dimensions, air gap configurations and the internal antenna structure power for optimal thermal therapy separately for each of the air gap configurations. This will result in maintaining the temperature of the heated tissue exactly in the range of 40-45
• C and allow obtaining more comparable simulation results. The comparative analysis for multislot coaxial antennas with three microwave frequencies typically used in medical practice and commonly treated tissues is unique topic in modern hyperthermia therapy.
MODEL DEFINITION AND BASIC EQUATIONS
The two-dimensional axisymmetric model of the multislot microwave antenna is shown in Fig. 1 . Described coaxial antenna is composed of such elements as central conductor, dielectric, outer conductor and a plastic catheter that protect the inner elements. Antenna dimensions examined in this paper are the same as in [9, 10] . What is more, the microwave needle applicator has three air slots of equal length The main simplifying assumption in presented simulation is that the human tissue and the microwave antenna are considered as uniform, linear and isotropic media. In the presented model the wave equation can be solved with respect to the complex vector of the magnetic field strength H, as
where ε 0 means the electric constant equal to 8.854 × 10 −12 (F m −1 ) and µ 0 --the magnetic constant equal to 4π × 10 −7 (H m −1 ). Additionally, ε r and µ r are the relative permittivity and permeability, respectively, ω denotes the electromagnetic field pulsation and j = (−1) is the imaginary unit.
In the above equation ε r = ε ′ r − jε ′′ r is the frequencydependent complex relative permittivity. What is important, the imaginary part of complex permittivity ε ′′ r is associated with the energy dissipation. Therefore it is called the dielectric loss factor and determines the energy losses due to the phenomenon of dielectric polarization. In human tissues ε r can be approximated by the 4-Cole-Cole model derived from measurements conducted by Camelia Gabriel and Sami Gabriel [15] , that best fits the four dispersion regions (α, β, δ, γ) occurring in living tissues
where n is the number of independent dielectric relaxation processes with dielectric increments ∆ε n , whose sum gives ∆ε = ε s − ε ∞ , which is measure of the relaxation process intensity. It is worth knowing, that ε ∞ means the infinite limit of relative permittivity (ie when ωτ ≫ 1 ), ε s -the static limit of relative permittivity (ie when ωτ ≪ 1 ), τ -the relaxation time constant (s) and σ s -the static conductivity of the material (Sm −1 ). What is more, α is so-called the Cole-Cole parameter which is measure of broadening of the relaxation times in biological media [16] . Therefore, this parameter is determined by the distribution of relaxation times. Theoretically, it takes values between 0 ≤ α ≤ 1 , but for the most biological substances it does not exceed the value of 0.5 (see Table. 1). It should be stressed that, the 4-Cole-Cole model provide the appropriate data for spectrum extending from 10 Hz to 100 GHz.
Due to the axial symmetry of multi-slot antenna, the presented model uses cylindrical coordinates (r, φ, z) with the transverse magnetic (TM) waves. For this reason, the magnetic field H has only a tangential component and the electric field E propagates in the r-z plane. Therefore, H = H φ e φ , and E = E r e r + E z e z , and equation (1) simplifies to the following scalar form
One of the basic thermal models that describe the heat flow inside the biological systems is so-called bioheat equation defined by Harry H. Pennes based on the classical Fourier law of heat conduction [17] . In the general Table 2 . Physical parameters for the Pennes equation [19, 20] Tissue 
where T denotes the tissue temperature (K) and t is the time (s). The first term of the above equation describes the phenomenon of heat accumulation during the time which is determined by parameters such as the tissue specific heat C (J kg −1 K −1 ) and the tissue density ρ (kg m −3 ). The second term relates to the phenomenon of heat conduction in the tissue, which is determined by the tissue thermal conductivity λ (W m −1 K −1 ). The third term describes the heat exchange between the tissue and blood and specifies the heat losses caused by tissue blood flow (perfusion) [18] . What is important, the subscript " b " refers to the blood, such in ω b which means the blood perfusion rate (s −1 ). The last two terms relate to the heat generation, and are defined by two volumetric power densities, so-called: the metabolic heat generation rate Q met (W m −3 ) produced by cell metabolic processes and the external heat Q ext (W m −3 ) produced by sources of electromagnetic field, in our case by the multi-slot coaxial microwave antenna.
In the field of hyperthermia, the blood flow often is expressed in specific units of ml/min/kg, therefore to use it in equation (4) it is necessary to convert it into SI units according to the equation
where F is the blood flow rate in tissue (ml/min/kg). Detailed derivation of the basic equations and specific description of the initial-boundary conditions on the presented model may be found in similar works [7, [9] [10] .
The following analysis of the multi-slot coaxial antenna was made for three microwave working frequencies commonly used in medical practice, namely 434 MHz, 915 MHz and 2.45 GHz [7] . The dielectric parameters of the antenna elements have been taken from [9, 10] . The electro-thermal parameters of tissues have been retrieved from the IT'IS foundation materials database [19] . Table 1 contains fitting parameters appeared in the 4-ColeCole equation. Thermal properties are gathered together in Table 2 . The values of the blood perfusion rate ω b have been designated from the formula (5) and levels of the metabolic heat generation rate Q met have been drawn on [20] . At the beginning of the heating, the tissue temperature has had initial value of T 0 = 310.15 K, which corresponds to the physiological temperature of the human body 37
• C. The blood temperature T b has been established on the same level.
The governing equations (3) and (4) with the appropriate initial-boundary conditions have been solved using the finite element method. All FEM computations have been performed using the Comsol Multiphysics software. The model for microwave cancer therapy with coaxialslot antenna available in Comsol software developed by [6] and described in [21] has been adapted for the microwave heating using multi-slot coaxial antenna shown in this study. Moreover, the MATLAB environment has been used to present the simulation results. What is interesting, the Comsol's model is well known in the scientific world and it has been validated with a large number of numerical experiments and measurements [6, 9] . However, it should be pointed that the multi-frequency analysis of the microwave antenna with different active slot configurations presented in this paper does not have equivalents in similar papers. The outline of article can be found in the conference proceedings [22] .
SIMULATION RESULTS AND DISCUSSION
The first step in the presented simulation was to estimate the exact elevations of the antenna input power individually for each of the air gap configurations such that the goal temperature in the targeted area does not exceed values of 40-45
• C. In this way, optimum conditions for the hyperthermia treatment are being obtained as indicated in the introduction. To do this, each of the analysed cases has been solved under P in arbitrarily assumed as 2 W. Sample contour plots of the temperature inside the human brain tissue under three basic microwave frequencies used in simulation are shown in Fig. 2 . The presented plots demonstrate that the distributions of the isotherms are heterogeneous and local temperature maxima may occur in the computational area. The next step was to identify coordinates of the points at the interface between the antenna-tissue (on the surface of the catheter r = r 4 = 0.895 mm) characterized by the highest temperatures. These specific points (r 4 , z m ) have been provided in Table 3 and for them the further calculations have been made.
It should be emphasized that due to the different active slot configurations, the microwave antenna can produce a non-uniform temperature distribution inside the tissue. Therefore, on the path r = 0.895 mm can observe two temperature peaks of which the first ( * ) or second ( * * ) dominates as indicated in Table 3 . What is important, they occur only for operating frequencies of 915 MHz and 2.45 GHz in the case of certain double-and triple-slot antennas. Moreover, the similar values of z m were obtained for the frequency of 434 MHz and 915 MHz. The small differences are due to numerical errors, different division of the computational area into the finite elements or choosing the temperature for a neighboring element node. For the frequency of 2.45 GHz the local temperature maxima move up the z axis of approximately 4-10 mm. The next step was determining the parametric solution for the temperature distributions depending on the total antenna input power at all pre-selected points (see Fig. 3 left) and establishing specific limit values of the P in for optimal interstitial microwave hyperthermia treatment. All resulting data have been compared in Table 4 and utilized for subsequent simulations. within individual tissues (the smallest in lung tissue) and they are growing for antennas with the following slot configurations: 1, 1-2, 1-2-3, 1-3 as well as 2-3. In the case of frequency 2450 MHz the power changes are larger and the above sequence is changed as follows: 1, 1-2, 1-3, 1-2-3 and 2-3. In addition, the biggest antenna input powers (much greater from the other cases) are needed for the antenna with slots 2 and 3, especially for the kidney tissue. A further stage of the study was resolving each of the analysed cases for the ceiling levels of antenna input power P in max . In this manner, the distributions for the maximum acceptable temperatures in the hyperthermia treatment have been obtained. Figure 4 presents temperature variations along two different paths z = z m (left) and r = 0.895 mm (right) for the predefined values of P in max incorporating different frequencies and active air gaps of the multi-slot coaxial antenna. On these graphs, the therapeutic areas of heat operation in which the temperature is above 40
• C along each axis of the cylindrical coordinate system can be easily identified as detailed in Table 5 .
It should be noted that the local temperature peaks experienced in distributions T (z) have the same pattern as prescribed in the case of Table 3 . For most of the analyzed cases, the right-side slope of the curve T (z) remains the same, while its right-side slope is changed by extending and increasing its elevation. Furthermore, ∆ r increases with frequency and within the single frequency it changes in a similar sequence as the antenna input power P in mentioned earlier. The variations of ∆ z are arbitrary and do not take a particular pattern similar to z m values listed in Table 1 . However, the therapeutic area has the largest size in the case of the antenna with slots 2 and 3 especially in the breast tissue for frequency 915 MHz. The smallest values of ∆ r and ∆ z exist in the kidney tissue for single-slot antenna working at frequency of 434 MHz.
At the end, the time dependencies of temperature at predefined points (r = 0.895 mm, z m ) and for pre-set values of the antenna input powers have been presented to show how heat accumulation occurs in the individual tissues depending on the frequency, see Fig. 5 . The temperature reaches a steady-state most rapidly in the case of kidney tissue and the longest inside the breast tissue. Moreover, for a single frequency and within the same tissue the differences in the accumulation of heat are negligible.
CONCLUSIONS
The numerical simulations are usually more flexible and often more convenient to design new solutions in many modern technological problems. The approach presented in this paper offers a relatively simple methodology of finding the best model parameters for the optimal interstitial microwave hyperthermia treatment. Changing power delivered to the antenna in each analyzed case has allowed a better comparison of results than it took place in [10] where the antenna input power remained on the same level within single frequency. The numerical simulations demonstrate that reducing the antenna operating frequency the level of total microwave power delivered to the antenna can be increased. Moreover, adding more air slots in the antenna structure also requires more input power to maintain the temperature at 45
• C. The simulation results suggest that for the triple-slot antennas, the quasi-uniform temperature distributions between gaps are observed, and the therapeutic area increases. In the case of the 2-3 slot antenna the therapeutic area of the heat penetration is even greater but temperature distribution is less homogeneous than other air gap config-urations and local temperature maxima occur. Interestingly, the greatest heterogeneity occurs at the frequency of 915 MHz. It may affect on uneven heating of treated tissue. What is more, the elevations of the P in directly influence on the ∆ r changes and the position of temperature maximum z m has impact on variations of the ∆ z . The temperature reaches a steady state in the slowest way for the breast tissue and the fastest for the kidney tissue. This all may have practical significance in finding new solutions for better cancer treatment. Using the appropriate antenna type and working frequency depends on the individual circumstances and should be taken into account what is planned to be exactly achieved in hyperthermia therapy.
